Abstract. The effects of microbial phytase supplementation of phosphorus-adequate, wheat-based diets with available lysine : energy density ratios ranging from 0.75 to 0.90 g available lysine/MJ DE on growth performance of weaner pigs were investigated in 3 studies. In the first study, increasing levels of dietary phytate depressed growth rates (P < 0.08) and efficiency of feed conversion (P < 0.01) and phytase supplementation enhanced growth rates (P < 0.05) and tended to improve feed efficiency (P < 0.15). There were no significant interactions between dietary phytate and phytase inclusion to support the hypothesis that dietary substrate levels of phytate govern responses to phytase. However, in this and other studies, percentage increases in efficiency of feed conversion generated by phytase were positively correlated to dietary phytate concentrations to a significant extent (P < 0.005), so it is possible that dietary substrate levels are of importance to the magnitude of responses following phytase supplementation.
Introduction
The feed enzyme, microbial phytase, was introduced in The Netherlands in 1991, primarily to enhance the availability of phytate-bound phosphorus (P) of plant-derived feed ingredients in order to reduce P excretion (Lenis and Jongbloed 1999) . Phytate, the mixed salt of phytic acid, has a P content of 282 g/kg (Maga 1982) and phytase has the capacity to liberate phytate-bound P (phytate-P) to increase P availability (Simons et al. 1990 ). However, Beers and Jongbloed (1992) suggested that the inclusion of phytase in swine diets might additionally enhance protein digestibility.
In Australia, Campbell et al. (1995) found that phytase increased growth rates and feed efficiency of weaner pigs, irrespective of the available P status of wheat-based diets. In contrast, Barnett et al. (1993) reported that phytase inclusion in wheat-based diets for weaner pigs, formulated to contain 15 MJ DE/kg, 0.75 g available lysine/MJ DE, and 3.8 g available P/kg, did not significantly improve growth performance. Retrospective estimates (Selle et al. 1997) of phytate concentrations of these diets indicated that the phytate level in the first study was 3.9 g phytate-P/kg (or 13.8 g phytate/kg), as opposed to 2.0 g (7.1 g phytate/kg) in the second study.
This marked difference in dietary phytate levels suggests that the so-called 'extra-phosphoric' growth responses (Ravindran 1995) following phytase supplementation observed by Campbell et al. (1995) , but not by Barnett et al. (1993) , were a consequence of higher dietary substrate levels, which may govern responses to added phytase. It was also proposed that the improved growth performance might have been generated by phytase enhancing the digestibility of protein and amino acids, as initially demonstrated in pigs by Officer and Batterham (1992a, 1992b) .
The simultaneous inclusion of exogenous phytase and xylanase in wheat-based diets for broiler chickens appears to be beneficial (Ravindran et al. 1999b; Zyla et al. 1999) , and this may apply to pigs. Consequently, 3 weaner pig-feeding studies were completed to investigate the hypotheses that (a) the magnitude of responses in growth performance following phytase supplementation is mediated by dietary substrate levels and is caused by improved protein utilisation, and (b) responses to phytase are enhanced by the simultaneous dietary inclusion of xylanase in wheat-based diets.
Materials and methods
Entire male and female weaner pigs, bred by synthetic terminal sires (Bunge genotype) from Large White-Landrace cross sows, were used in the 3 experiments. Pigs were weaned at 25 days of age into individual cages (0.5 by 0.9 by 0.5 m) with wire floors and sides and offered a nursery diet over a 3-day adaptation phase. Each cage was equipped with a standard dry feeder and a single drinking nipple. Feed and water were freely available. The temperature in the facility was maintained at 28°C by heat lamps. Pigs were selected from a liveweight range of 6.5-7.5 kg and randomly allocated into treatment groups of equal mean body weights (and sex in Expt 1).
Weight gain and feed intake of individual pigs were recorded on a weekly basis, and from these measurements, daily feed intake, daily gain, and feed conversion ratios were determined. Experimental data were evaluated by linear regressions and analyses of variance using the general linear models procedure of SPSS 8.0 for Windows software (SPSS Inc., Chicago, IL).
Feed ingredients of plant origin were analysed by BRI Australia Limited (North Ryde, NSW, Australia) for total P and phytate-P concentrations, which permitted the phytate-P contents in diets to be calculated from their formulation. Total P concentrations were determined by the method of Harris (1970) . Phytate-P was determined by a standard ferric chloride precipitation method, which is based on the principle that ferric ion forms a stable complex with phytate in dilute acid solution (Maga 1982) . The method has been described in detail by Miller et al. (1980) .
The phytase activity of experimental diets was determined by the method of Engelen et al. (1994) , which is based on the liberation of inorganic P from sodium phytate by phytase. In Expt 3, xylanase activity was assessed by determining the rate of release of reducing sugars from xylan by xylanase under standard conditions.
The feed enzymes used, Natuphos phytase (5000 FTU/g) and Natugrain Blend xylanase (55 000 EXU/g), were supplied by BASF Aktiengesellschaft (Ludwigshafen, Germany). Natuphos is a specific phytase feed enzyme produced by a genetically modified isolate of Aspergillus niger. One phytase unit (FTU) is defined as the amount of enzyme which, at 37°C and pH 5.5, liberates 1 µM inorganic P/min from 0.0051 mol/L of sodium phytate. Natugrain Blend has predominantly xylanase activity derived from a genetically modified isolate of Aspergillus niger and also contains β-glucanase activity and cellulase, hemi-cellulase, and protease side-activities generated by a 'wild strain' of Trichoderma longibrachiatum. One endo-xylanase unit (EXU) is defined as the amount of enzyme which, at 40°C and and pH 3.5, liberates 4.53 µM reducing sugars/min from xylan, measured as xylose equivalents.
Experiment 1
The design was a 3 × 2 factorial array of treatments consisting of 3 substrate levels (1.2, 2.2, and 3.2 g phytate-P/kg), without and with phytase (0 and 625 FTU/kg). The wheat-based diets contained 4.5 g available P/kg and 0.78 g available lysine/MJ DE. The formulations were manipulated on the basis of analysed phytate levels of relevant feed ingredients to achieve high and low phytate diets. The intermediate substrate diet was a simple blend of the low and high phytate diets ( Table 1 ). The phytate contents of the relevant feed ingredients (expressed as g phytate-P/kg) were wheat 1.7, peas 1.5, soybean meal 4.1, canola meal 5.6, and rice pollard 14.9. Diets were steam-pelleted at 85°C and a liquid phytase preparation was sprayed onto the feed post-pelleting at a rate of 125 g/t (625 FTU/kg). A total of 120 mixed-sex weaner pigs were randomly allocated to the 6 dietary treatments at weaning on the basis of sex and weight. The individually caged pigs were fed ad libitum for a period of 28 days. On average, the supplemented diets contained 548 FTU/kg total phytase activity as opposed to 260 FTU/kg for the non-supplemented diets, which suggests that the supplemented diets contained only 288 FTU/kg microbial phytase activity. The accuracy of these analytical results for phytase activity is questionable and it may be that certain components of complete diets interfere with the analytical procedure.
Experiment 2
The rationale for this experiment was that if phytase increases protein utilisation, then its effects on growth performance will be most pronounced in low protein diets. The design was a 3 × 2 factorial array with 3 levels of dietary protein without and with microbial phytase (0 and 550 FTU/kg). The protein levels are expressed as lysine :energy density ratios (0.80, 0.85, and 0.90 g available lysine/MJ DE) and correspond to approximately 89, 94, and 100% of amino acid requirements. The diets (Table 2) contained 2.4 g phytate-P/kg. A total of 72 entire male pigs were allocated to 6 dietary treatments for a feeding period of 21 days. The diets were 'cold-pelleted' at 75°C and a granulated phytase preparation (110 g/t) was added to appropriate rations. Phytase activities of the 6 test diets were determined pre-and post-pelleting. On average, supplemented diets contained 712 FTU/kg total phytase activity and non-supplemented diets 243 FTU/kg plant phytase activity. This indicates that supplemented diets contained 468 FTU/kg microbial phytase activity post-pelleting.
Experiment 3
A total of 48 entire male weaner pigs were allocated amongst 4 dietary treatments and fed ad libitum for 21 days. The basal diet contained 0.75 g available lysine/MJ DE (Table 3 ). The phytate content (g phytate-P/kg) of relevant feed ingredients was wheat 3.2, soybean meal 4.4, rice pollard 14.3, and lupins 1.9 (estimated); thus, diets contained approximately 3.2 g phytate-P/kg. The basal diet was supplemented with granulated preparations of either 150 g/t phytase (750 FTU/kg) or 90 g/t xylanase (4950 EXU/kg) individually, or in combination. The diets were pelleted at 80°C and phytase and xylanase activities were determined pre-and post-pelleting. After making allowances for plant phytase activity, the relevant diets contained average phytase and xylanase activities of 1065 FTU/kg and 2205 EXU/kg post-pelleting.
Results

Experiment 1
Increasing dietary phytate levels from 1.2 to 3.2 g phytate-P/kg depressed growth rates by 10.3% (390-350 g/day; P < 0.08) and feed efficiency by 15.5% (1.29-1.49; P < 0.01) without affecting feed intakes (Table 4) . Also, dietary phytate levels had negative linear effects on both growth rates (P < 0.05) and efficiency of feed conversion (P < 0.005). Phytase supplementation increased growth rates by 8.4% (358-388 g/day; P < 0.05). Phytase tended to increase feed intake (P < 0.20) and feed efficiency by 5.6% (1.43-1.35; P < 0.15). Although the effects of phytase were independent of phytate levels, because the interactions were not significant, there is the suggestion that responses to added phytase were more evident in diets with higher substrate levels.
Experiment 2
The protein status of the diet did not significantly influence the growth performance of male weaner pigs (Table 5) , which was not expected. These unexpected responses to dietary protein levels effectively preclude the planned assessment of the effect of phytase on protein utilisation. However, phytase tended to increase growth rates (P < 0.08) and improved feed efficiency (P < 0.01). The main effects of phytase were to increase growth by 2.5% (433-444 g/day) and conversion by 5.8% (1.20-1.13). There were no significant interactions between lysine : energy density ratios and phytase supplementation of the test diets.
Experiment 3
The addition of exogenous enzymes did not have any significant effects on growth rates or feed intakes (Table 6) ; however, enzyme supplementation of the control diet did influence (P < 0.01) feed efficiency. On the basis of pair-wise comparisons, phytase improved feed efficiency by 7.2% (1.25-1.16; P = 0.033), phytase plus xylanase tended to improve conversion by 6.4% (1.25-1.17; P = 0.054), but xylanase tended to have a negative effect of 6.4% on feed efficiency (1.25-1.33; P = 0.074). There was no indication in this study that the simultaneous addition of phytase plus xylanase was better than phytase alone.
Discussion
The related hypotheses that the magnitudes of response to microbial phytase are governed by dietary phytate levels and are generated by enhanced protein utlisation were not established in the present study. Increasing dietary phytate levels have been shown to negatively influence weight gain, feed intake, and efficiency of feed conversion of broiler chickens (Cabahug et al. 1999) . Although phytase improved these parameters, there were no significant interactions between dietary substrate levels and phytase supplementation, so the pattern of results was similar to those of Expt 1.
The lack of significant interactions between phytate and phytase in this experiment may have been partially due to the incomplete hydrolysis of phytate by microbial phytase in the gut. For example, Rapp et al. (2001) found that microbial phytase hydrolysed 63% of myo-inositol hexaphosphate present in corn-based diets in cannulated pigs at the level of the ileum. Also, to achieve different phytate levels the dietary formulations were manipulated, so the properties of particular feed ingredients may complicate the results. The addition of sodium phytate is an alternative approach to modify dietary phytate levels; however, quite unexpected results have been recorded in swine using this approach (Kemme et al. 1999a (Kemme et al. , 1999b , which suggests that sodium phytate is not necessarily identical to 'natural' phytate intrinsically present in relevant feed ingredients.
However, the anti-nutritive properties of phytate for swine have been demonstrated by Sun et al. (1990) . Sodium phytate was used to increase phytate levels of maize-starch and soybean meal diets from 0.65 to 3.50 g phytate-P/kg, which depressed growth rates by 24.9% (755-567 g/day) and feed efficiency by 10.3% (2.33-2.57) of 10-week-old pigs. It follows that the ameliorative effects of phytase would be more pronounced with increased dietary phytate levels.
A review of Australian studies, where microbial phytase was added to wheat-based weaner diets, established a relationship between dietary phytate levels and percentage improvements in feed conversion ratios following phytase Barnett et al. (1993) ; 2, Campbell et al. (1995); 3, Campbell (1994); 4, Campbell (1995) ; 5, Expt 1; 6, Expt 2; 7, Expt 3 supplementation (Selle et al. 1997) . When these data are combined with the present experiments, there is a significant correlation (r 2 = 0.751; P < 0.005) between phytate levels and percentage improvements in feed efficiency generated by phytase (Table 7 , Fig. 1 ). This supports the hypothesis that substrate levels mediate responses to phytase, which, if valid, would provide a plausible explanation for the difference in phytase responses reported by Barnett et al. (1993) and Campbell et al. (1995) .
As the wheat-based diets offered to weaner pigs in the present study were considered to be P-adequate (4.5-5.6 g available P/kg) it is unlikely that the responses to phytase are related to increased P availability. Microbial phytase increased growth rates by 8.4% (P < 0.05), 2.5% (P < 0.08), and 3.3% (P = 0.22) and improved feed efficiency by 5.6% (P < 0.15), 5.8% (P < 0.01), and 7.2% (P = 0.03) in Expts 1, 2, and 3, respectively. Thus, phytase supplementation essentially enhanced growth performance, although inconsistencies in the results are evident and not all responses are statistically significant. However, the lysine:energy density ratios of the test diets were mainly less than 0.90 g available lysine/MJ DE, which is considered optimal for pigs of this genotype. Given the marginal protein status of the experimental diets (0.75-0.90 g available lysine/MJ DE) there is the likelihood that the growth performance responses observed were a consequence of phytase enhancing protein utilisation.
It has been proposed that the de novo formation of binary protein-phytate complexes at acidic pH in the stomach, which are refractory to pepsin digestion, is fundamental to the negative influence of phytate on protein utilisation (Selle et al. 2000) . The authors also proposed that the ameliorative effect of phytase essentially might be to prevent protein-phytate complex formation by the prior hydrolysis of phytate. However, Lei and Stahl (2000) concluded that reports in the literature regarding phytase enhancing protein utilisation are inconsistent. Furthermore, as argued by Kemme et al. (1999a) , the extent of protein-phytate complex formation is very complicated to predict and this could explain the inconsistent results observed for phytase in relation to increased digestibility of protein/amino acids.
There appear to be at least 2 critical sources of variation. Firstly, the propensity for proteins to be bound by phytate varies amongst feed ingredients (Champagne 1988) . Australian pig diets typically contain wheat and it is relevant that binary protein-phytate complexes from wheat have been observed in vitro (Hill and Tyler 1954) . In contrast, O'Dell and de Boland (1976) did not detect protein-phytate complexes from maize. This suggests that protein-phytate complexes are more likely to be formed from wheat, and protein-related responses to phytase supplementation are more likely to be observed in wheat-based diets than those based on maize. That microbial phytase has been shown to increase ileal digestibility of amino acids of wheat to a greater extent than maize in 2 studies with broiler chicks (Ravindran et al. 1999a; Rutherfurd et al. 2002) supports this argument.
The second critical factor is the pH of digesta in the stomach as it probably affects both microbial phytase activity and protein-phytate complex formation. It has been shown in pigs that microbial phytase is most active in the stomach Yi and Kornegay 1996) . However, the bi-phasic activity profile of phytase, with peaks at pH 2.5 and 5.5 (Simons et al. 1990) , means that the pH prevailing in the stomach could have profound effects on the enzyme's activity. The prevailing pH may also affect the extent of protein-phytate complex formation. For example, Rajendran and Prakash (1993) found that maximal interaction between sodium phytate and α-globulin from sesame seed occurred at pH 2.3. Moreover, phytate inhibition of the action of pepsin on proteins, which is a consequence of protein-phytate complex formation, was shown to be maximal at pH 2-3 but without effect when pH was increased to 4.0-4.5 under in vitro conditions (Vaintraub and Bulmaga 1991) . Thus, the effect that stomach pH could have on responses to phytase supplementation, via its effect on phytase activity and/or protein-phytate complex formation, is evident.
Nevertheless, Beers and Jongbloed (1992) suggested that increased protein digestibility following phytase supplementation was responsible for improved growth performance of weaner pigs offered diets based on a maize-barley blend. Several subsequent reports by the Late Ted Batterham and colleagues at Wollongbar Agricultural Institute (Wollongbar, NSW) support this contention. Phytase substantially increased apparent ileal digestibility of amino acids and nitrogen of Linola meal in grower pigs (Officer and Batterham 1992a, 1999b) . Also, phytase significantly increased crude protein (N) digestibility and tended to increase lysine digestibility in weaner pigs (Barnett et al. 1993) . Phytase increased growth performance, protein deposition and retention of grower pigs offered soybean meal-based diets (Ketaren et al. 1993) , although enhanced P availability may have influenced these results. However, Biehl and Baker (1996) subsequently found that phytase increased the utilisation of soybean meal protein by weaner pigs, which lends support to the findings of Ketaren et al. (1993) .
Thus, it appears that phytase does have the capacity to increase protein utilisation in certain contexts; however, this was not demonstrated in Expt 2 due to the lack of significant interactions between microbial phytase and dietary protein levels. That growth performance of pigs was not altered by lysine:energy density ratios in this study was not expected; the ratios used may have been too high and were not limiting performance. This questions the origin of the responses to phytase observed in this study. Phytase has been shown to increase the apparent metabolisable energy of poultry diets in a number of experiments, including those of Ravindran et al. (2001) and Camden et al. (2001) ; however, there is no real evidence of a similar 'energy effect' in swine.
In Expt 3, phytase improved feed conversion by 7.2% (P = 0.033), whereas xylanase tended to depress feed efficiency by 6.4% (P = 0.074). As discussed by Choct and Cadogan (2001) , responses in pigs to xylanase supplementation of wheat-based diets are variable. However, Van Lunen and Schulze (1996) found that xylanase significantly improved feed efficiency (5.3%) and growth rates (9.2%) of grower pigs on diets containing 20-60% wheat, so the response to xylanse in the present study may not be representative. It is noteworthy, therefore, that the wheat used in this study had an unusually high phytate content of 3.2 g phytate-P/kg (11.3 g phytate/kg). In wheat, phytate is concentrated in the aleurone layer, and interestingly, xylanase has been shown to increase the permeability of aleurone cell walls to proteolytic enzymes in vitro (Parkkonen et al. 1997) . This raises the possibility that xylanase may have 'released' phytate from the aleurone layer, which exacerbated its anti-nutritive effects and may account for the tendency of xylanase to decrease feed efficiency. It follows that by increasing aleurone cell wall permeability and/or releasing phytate, xylanase would increase substrate access for phytase. Interestingly, phytase plus xylanase (1.17) supported a 12.0% more efficient feed conversion ratio than xylanase (1.33), which is a significant difference (P = 0.001) on the basis of pair-wise comparisons. It could be argued that phytase plus xylanase was superior to the individual inclusion of xylanase. However, there was no indication that the combined inclusion of phytase and xylanase in diets for weaner pigs is beneficial in comparison with phytase alone. Although this is consistent with the findings of Wenk et al. (1993) and Officer and Batterham (1992a, 1999b; 1994) it would be premature to draw conclusions because of the paucity of data in pigs and the possibility of more appropriate glycanase preparations for inclusion in swine rations being developed.
Overall, microbial phytase supplementation of phosphorus-adequate, wheat-based diets with suboptimal lysine : energy density ratios improved the growth performance of weaner pigs. These responses demonstrate the anti-nutritive effects of phytate, which are not related to P availability, and dietary substrate levels of phytate are thought to be important in this respect. Enhanced utilisation of amino acids following phytase supplementation may be the basis of these responses and further research is warranted to establish this and to investigate the responsible mechanisms. It is established that phytase increases P absorption and decreases P excretion (Simons et al. 1990) , which is ecologically beneficial. Pig producers are more likely to take advantage of this benefit if it is coupled with improved growth performance, which these studies suggest could be the case.
